The surface chemistry and dispersion in poly(lactic-acid) of microfibrillated wood and microfibrillated lignocellulose prepared from untreated and partially delignified beech were compared with conventional microfibrillated cellulose produced from bleached pulp. High heterogeneity in fibril morphology and bulk chemical composition was observed. Also surface chemistry of the fibrils was highly variable, but not clearly correlated with bulk chemistry. Composite solution-cast films of poly(lacticacid) reinforced with 1 % fibrils were produced by adding fibrils dried from solvent into a polymer solution. Highly variable dispersion of fibrils correlated with varying mechanical performance was observed. Correlations were obtained between surface chemistry of fibrils as revealed by X-ray photoelectron spectroscopy and adhesion force microscopy on the one hand and the tensile performance of the fibril-reinforced polymer composites on the other hand. Overall, certain variants of fibrillated material with residual lignin and hemicellulose content showed reduced surface polarity, improved dispersion in poly(lactic-acid) and improved reinforcement efficiency compared to conventional MFC produced from bleached pulp.
Introduction
crystalline cellulosic structure and high specific surface area. MFC is easily processed in aqueous media due to the essentially hydrophilic nature of cellulose, which is rich in accessible -OH groups. Even though the cellulose I crystal also disposes of nonpolar moieties [5] , processing of MFC in hydrophobic media usually requires chemical surface modification to impart compatibility with organic solvents and hydrophobic polymers [6] . Since chemical surface modification adds significant additional cost to MFC, it is one factor hindering commercialisation of this novel bio-based nano-reinforcement fibre.
In the native wood cell wall cellulose microfibrils serve as reinforcement to a perfectly functional and naturally optimised composite, where they are embedded in a lignin-hemicellulose matrix. It is widely accepted that hemicellulose acts similar to a coupling agent linking hydrophilic cellulose with the mostly hydrophobic aromatic cell-wall polymer lignin [7] . In view of this biogenic model system, the question arises whether the compatibilising function of hemicellulose and the hydrophobic moieties present in lignin can be utilised towards providing surface-chemical compatibility between polar MFC and nonpolar polymers, similar to a coupling agent. The beneficial role of residual hemicellulose in MFC with regard to compatibilisation with nonpolar media has been highlighted under the term microfibrillated holocellulose. It was shown that this material yields nanopaper structures of high quality and optical transparency [8, 9] . Residual hemicellulose in fibrillated holocellulose enables improved dispersion of MFC in non-polar solvent [10] . Moreover, holocellulose nanocrystals produced by acid hydrolysis are amphiphilic in surface-chemical terms and capable of stabilising oil-in-water emulsions [11] .
Similarly to hemicellulose, residual lignin in MFC was proposed to impart advantageous characteristics in terms of improved compatibility [12] . It was observed that lignin-containing MFC (microfibrillated lignocellulose, MFLC) shows higher fineness of fibrils compared to MFC prepared from bleached pulp [13, 14] , presumably due to the radical scavenging property of lignin. Also, MFLC exhibited less hydrophilicity compared to MFC, and was well miscible with nonpolar solvents [14, 15] . When compounded with hydrophobic polymeric matrices, MFLC showed better dispersion and improved reinforcement efficiency compared to MFC [14] [15] [16] [17] [18] .
The results found in literature to date indicate a clear potential for MFLC to provide polymer reinforcement with inherent surface chemical compatibility to certain hydrophobic matrices. Motivated by these apparent advantages of MFLC over MFC, we present a systematic survey of variability in surface chemistry and resulting dispersion in poly(lacticacid) (PLA) comparing fibrillated wood, partially delignified wood, and fully de-lignified MFC. PLA is one of the most promising thermoplastic biopolymers in view of replacing or complementing fossil-based polymers in certain applications [19] , and therefore a suitable model polymer in the context of the present study.
Materials and methods

Preparation of fibrillated material
Microfibrillated lignocellulose (MFLC): Bark-free beech wood chips were partly delignified in a water/ ethanol (50/50 weight) mixture (ethanol with purity of 96.6 % denatured with 1 % petroleum ether, Brü ggemann Alkohol, Heilbronn, Germany) in batches of 6 kg (dry mass). At a mass ratio of 1:4 (wood/solvent), variants as shown in Table 1 were processed in an autoclave. Sulfuric acid was added to catalyse delignification and enabling pulping at lower temperature, pressure and reaction time compared to the system without catalyst. Based on the previous results a progressive lignin removal from variant MFLC1 to MFLC3 could be achieved by addition of 0, 0.25 and 0.75 % sulfuric acid (95 %, Fischer Scientific, Schwerte, Germany) based on the dry weight of wood [20] . Several studies indicate that sulfuric acid accelerates delignification in an organosolv process [21] . Compared to these variants, treatment of MFLC4 was presumed to very mild due to reduced time spent in the reactor. After the defined duration of treatment, the reactor was cooled to 40°C and the material was washed with the same 50/50 water/ethanol mixture used for treatment to remove dissolved substances, in particular lignin. After three additional washing cycles in water the material was processed into fibres in a disc refiner. Excess water was removed by centrifugation and the material was refrigerated at -20°C before further usage. For fibrillation, the material was left to thaw and swell overnight in deionised water at room temperature. J Mater Sci (2017) 52:60-72 Microfibrillated wood (MFW): In parallel to the preparation of MFLC, untreated beech wood chips from the same lot were milled in a rotary mill to a particle size \1 mm and also left to swell overnight. Fibrillation was carried out with five passes through a Masuko Supermasscolloider (MKCA6-2J, Masuko Sangyo, Japan) at 1500 rpm and a nominal gap clearance of -50 lm. Note that despite setting a negative nominal clearance a gap forms during operation of the grinder because of the hydrodynamic pressure of MFC slurry exiting from the space between the two rotating discs of the grinder.
Microfibrillated cellulose (MFC): Conventional microfibrillated cellulose was obtained from the University of Maine (http://umaine.edu/pdc/pro cess-and-product-development/selected-projects/ nanocellulose-facility/) and used as-received. The material is produced without pre-treatment from bleached softwood Kraft pulp using a mechanical refiner.
Characterisation of fibrillated material
The lignin content of the different variants of fibrillated material was determined gravimetrically from the dry residue after total acid hydrolysis of carbohydrates. The first stage of hydrolysis was performed in 72 w% concentrated sulfuric acid (72 w%, Merck, Darmstadt) at 30°C for 60 minutes The second hydrolysis stage was performed after dilution to 2.6 % acid concentration at 120°C and 0.12 MPa for 30 minutes. The content of glucose and xylose was determined by means of acid methanolysis followed by gas chromatography for MFC, and by Borat-AEC of sulfuric acid hydrolysates for all other variants, respectively [22] . The crystallinity of cellulose was estimated according to Ref. [23] from X-ray powder diffractograms obtained with a Rigaku SmartLab 5-Axis X-ray diffractometer using glass capillaries at ambient conditions. ATR-IR spectra were recorded from air-dried lignocellulose films with a Perkin Elmer FT-IR Spectrometer equipped with a Universal ATR Sampling Accessory. Each sample was scanned in quadruplicate from 650 to 4000 cm -1 with a resolution of 4 cm -1 for 32 times. XPS was done with a K-Alpha spectrometer (Thermo Fischer Scientific). Survey scans were done with a pass energy of 200 eV and a step size of 1.0 eV. High resolution scans were done with a pass energy of 50 eV and a step size of 0.1 eV.
Air-dried films of all fibrillated materials were placed on aluminium specimen holders, sputter coated with a platinum layer of about 7.5 nm (BAL-TEC MED 020 Modular High Vacuum Coating Systems, BAL-TEC AG, Liechtenstein) using Ar as a carrier gas at 0.05 mbar and SEM was carried out using a FEI Nova NanoSEM 230 instrument (FEI, Hilsboro, Oregon, USA) at an accelerating voltage of 5 kV and a working distance of 5 mm. All AFM measurements were done in quantitative nanomechanical mapping (QNM) mode with a Dimension Icon AFM (Bruker AXS, France; formerly Veeco) recording topography and tip-to-surface adhesion amongst other properties. In QNM-mode force-distance-curves are evaluated for each pixel to give information on tip-to-surface mechanical interactions. Air dry films and individual fibrils prepared by depositing a drop of fibril suspension of 0.001 % fibril content in water onto mica, and subsequent evaporation of water at ambient conditions were investigated. All scans were performed using Bruker's ScanAsyst-Air probes (k = 0.4 N/m, f 0 = 70 Hz, r = 2 nm; nominal values, probe-specific data calibrated before scans). To keep the tip speed constant scan rates of 0.1 and 0.5 Hz where chosen in accordance to the scan sizes of 5 and 1 lm. Tip frequency was set to 1 kHz and peak-force set-point to 0.5 nN. All images were evaluated using Gwyddion Image Analysis (V2.39) freeware. isopropanol (3 repetitions each) and subsequently dried until mass constance at 103°C. For the preparation of composite films by means of casting from solution, 10 g PLA (Ingeo Biopolymer 3251D purchased from NatureWorks) was dissolved in 100 ml chloroform. An aliquot of dry fibrillary material was added to the solution to achieve a target fibre loading in the final composite of 1 % (w/w) and dispersed with an Ultra Turrax device for 2 minutes. Thereafter, the dispersion was poured into a Petri dish, covered with tissue paper, and the solvent was left to evaporate overnight, resulting in films with 0.1 mm thickness. To remove any remaining solvent the films were subjected to additional vacuum drying at 40°C and 80 mbar.
Preparation of PLA composites
Characterisation of PLA composites
The macroscopic dispersion of filler in the PLA films was evaluated by transmitted light microscopy. Tensile mechanical properties of the films were evaluated with a Zwick-Roell 20 kN universal testing machine equipped with a 500 N load cell. For this purpose, parallel strips with a length of 50 mm and a width of 8 mm were cut from the thin films and tested at a free span length of 30 mm, and a rate of 1 mm min -1 , without using end tabs glued to the end of the strips. The modulus of elasticity of the specimens was calculated using the machine deformation as indicative of sample deformation. 20 specimens were evaluated for each variant.
Results and discussion
Chemical composition, morphology, and surface chemistry
The samples investigated in the present study were chosen with the aim of representing a high degree in variability of the content of cell wall polymers. In this context, the advantage of the mild ethanol/water (organosolv) delignification procedure chosen in the present study is that no inorganic elements or charges are introduced into the substrate, which limits specimen variability to variability in the content and structure of natural cell wall constituents. ATR FT-IR spectra shown in Fig. 1 [25] reveal variable hemicellulose, specifically xylan, content. In good agreement with apparent chemical variability, structural variability in terms of fraction of crystalline material present in the fibrils is revealed by XRD ( Fig. 2; Table 2 ). A detailed analysis of peak width of the different reflections attributed to the cellulose I crystal did not reveal any measurable change in terms of crystallite size due to the different treatments applied. Thus it may be concluded that the variability in crystallinity of the specimens is not due to variability in cellulose crystallinity per se, but simply due to the fact that cellulose content is highly variable in the different variants, which also entails variability in overall sample crystallinity.
Wet-chemical analysis of the most relevant chemical constituents in the variants of fibrillated material produced (Table 2) Table 2 , a broad range in variability was obtained regarding all major cell wall polymers. Lignin content is highest in MFW, while the MFLC variants show intermediate lignin content and MFC is virtually free of lignin. Lignin content decreases progressively from variant MFLC1 to MFLC3, corresponding to the increasing severity of treatment due to addition of sulfuric acid. The variant MFCL4, which was subjected to identical conditions as MFLC1 but shorter treatment time, shows only slightly higher lignin content than MFLC1. The content of xylose, which is indicative of the most important hardwood hemicellulose xylan, is closely correlated with lignin content, particularly in the partially delignified MFLC specimens. By contrast, the content of cellulose is inversely correlated with lignin content. MFC is very pure cellulose, and also MFLC3 contains a high amount of cellulose.
Morphology and surface chemical characteristics
The morphology of the different fibrillated specimens was examined by means of scanning electron microscopy (SEM, Fig. 3) . In all specimens a significant proportion of only partially fibrillated material, which is particularly obvious in the MFLC samples ( Fig. 3b-e) , and to a lesser extent in MFW (Fig. 3a) and MFC (Fig. 3f) , was found. Images taken at higher magnification show fibril aggregates with diameters well below 1 lm in all types of specimens examined. Thus the material examined is termed ''microfibrillated'' in view of the prevalence of micron and submicron fibril dimensions.
AFM images taken from the same dry film specimens observed with SEM reveal fibrillary structures in all types of fibrillated material examined (Fig. 4) . Typical fibril diameters are in the order of 50 nm, and finer structures are seldom observed, with the exception of MFC. It may be assumed that the noncellulosic cell-wall components, which are present in comparative abundance, are responsible for the rather closed surface character observed, which was also proposed for similar material examined in other studies [13, 14] . While the differences in surface topography discernible in AFM height images are limited in the case of dry films, average AFM adhesion forces recorded for these samples reveal high variability in adhesion forces between the individual films (Figs. 4, 5 ). The interpretation of adhesion forces (Fig. 5a ) measured on a rough and chemically heterogeneous surface such as specimens used in the present study is complex. Nonetheless, even in humid conditions the measured pull-off force, which is dominated by capillary forces, contains surfacespecific information [26] . Surface roughness is an additional parameter which may affect adhesion forces. However, no such effect was obvious in our data (Fig. 5b) . As shown in Fig. 5a , the mean value of adhesion forces is different for the samples characterised, and also the amount of variability is different. Clearly, variability is lowest in MFC, which agrees with the chemical homogeneity of this specimen consisting essentially only of cellulose. In contrast, Figure 3 Representative SEM images of dried films of fibrillated material taken at two different magnifications. Images a-f show specimens MFW, MFLC1-4, and MFC, respectively, at low magnification, whereas images g-l show the same specimens at high magnification.
the variability of adhesion forces is high in the MFW and MFLC samples, with maximum values for MFLC3, reflecting the chemical heterogeneity of these specimens. Thus, variability of surface properties in terms of adhesion forces measured is high within one sample. However, this does not mean that averaged adhesion force suffers from little significance due to high variability. In fact, such measurements are highly reproducible, which is confirmed by coefficients of variation \4 % observed for the averaged adhesion force determined with consecutive measurements in different regions of one sample. Surface chemical variability observed by adhesion force measurements is confirmed by XPS analysis ( Table 3 ). The samples measured clearly differ in their content of carbon and oxygen, and in the ratio of non-polar and polar moieties. Values for the C/O ratio of beech wood found in literature vary between 1.81 [27] and 2.22 [28] . Heat treatment of beech wood, which leads to surface inactivation due to loss in polar character, entails an increase in C/O to 2.27 [27] . Thus it is presumed that increasing C/O ratios in the samples characterised in the present study indicate a progressive change of surface polarity. Surprisingly, no obvious relationship or clear correlations between bulk chemistry (Table 2) and surfacerelated XPS data (Table 3) were found. This may be explained by the obvious observation that XPS is surface specific and not representative of the bulk of the sample. It was shown, for example, that surface lignin content of various pulp fibres can be determined from changes in the C/O ratio measured with XPS [29] . Dissolved lignin may precipitate on pulp fibres during the washing phase of the organosolv approach to delignification used in the present study [30] . AFM images of MFC and MFLC (Fig. 6) show evidence for precipitation of lignin in terms of the surface morphology of MFLC. While MFC fibrils appear smooth, MFLC is characterised by the occurrence of numerous fine granular structures along the fibril surface, which are presumably lignin residues [15] .
By contrast to the reported lack of correlation between bulk-and surface chemistry, respectively, a clear relationship between the increasing carbon/ oxygen ratio determined with XPS, and increasing AFM adhesion force is found (Fig. 5c) . One the one hand, this is not unexpected since both analytical methods are highly surface specific. On the other hand, the significance of AFM adhesion force measurements in terms of surface chemistry is not always obvious. However, within the boundaries set by the experimental conditions of the present study, a clear correlation between increasing C/O ratio and increasing adhesion force shown in Fig. 5c is evident.
Dispersion and reinforcement effect of fibrils in PLA
Already during film casting it was obvious that the different variants of fibrils show different dispersion in the chloroform/PLA solution. MFC quickly tended to agglomerate, forming white cellulose grains in the liquid (Fig. 7) . By contrast, MFLC and MFW showed more stable and homogeneous dispersion. The resulting dispersion of fibrils in PLA films is shown in Fig. 8. MFW (Fig. 8a) is evenly dispersed, but large unfibrillated particles are conspicuous. MFLC1-4 ( Fig. 8b-e) show variable homogeneity of dispersion, with the best result achieved for variant MFLC3, and distinct agglomerates for MFC (Fig. 8f) . Agglomeration of unmodified MFC upon addition to PLA/ chloroform and its deteriorating effect on composite properties is widely observed but efficiently tackled by e.g., surface acetylation [31, 32] . Similar to bulkand surface chemistry as well as dispersion, also the mechanical performance in tensile tests reveals a broad variation of results for the filler variants investigated (Table 4) . It should be noted that the mechanical characterisation performed here is not intended to serve as a valid evaluation of polymer reinforcement. To fulfil this goal, standard processing conditions such as melt compounding at variable filler content would be required. Also, PLA disposes of strong mechanical performance also in unreinforced state [1] , which is why higher filler content would probably be required to produce significant effects. The PLA films produced by casting from solution in the present study purely serve to assess dispersion of different filler variants in a non-polar medium. Notably, tensile strength is sensitive to inhomogeneities in filler dispersion and thus a suitable characterisation parameter. Furthermore it is obvious that the absolute values of mechanical properties shown here differ from melt-compounded PLA in that strength and modulus are inferior, which is due to differences in crystallisation behaviour [33] and potentially also due to small amounts of residual solvent. Nonetheless, the results shown in Table 4 are presumed valid for the purpose of comparison within the present study. Overall, the addition of 1 % microfibrillated material to PLA resulted in an improvement of tensile properties in terms of strength and modulus of elasticity, in parallel to a reduction in extensibility for most variants (Table 4) . This effect is widely observed [1] . Only addition of MFW leads to reduced mechanical performance of PLA, presumably due to the presence of substantial unfibrillated fractions of material in this variant, as shown in Fig. 8a . To realise the full mechanical reinforcement efficiency of lignocellulosic material, a high degree of fibrillation is required in the first place [35] . Given that a material is fibrillated it is furthermore necessary that fibrillar structure is preserved during compounding, which is a major challenge in melt-compounding of MFC-reinforced PLA [35] [36] [37] [38] .
As shown in Fig. 8f , MFC, which is the most-fibrillated according to SEM images (Fig. 3f, l) , suffered from collapse during compounding with the PLA/ chloroform solution. Therefore, the full reinforcement potential of MFC was not realised in the cast PLA films (Table 4) , even though solely based on its high degree of fibrillation and high cellulose content compared to all other variants, high reinforcement should be expected. Same as with macroscopic dispersion of filler, the variant MFLC3 also performs best in terms of reinforcement of PLA. To find an explanation for this observation the results of mechanical characterisation were analysed in terms of eventual correlations with bulk-and surface chemical properties of fibrillated material. While no clear relationships were evident for bulk chemistry, surface chemistry in terms of XPS C/O ratio and averaged AFM adhesion force showed a clear correlation with tensile strength (Fig. 9) . Assuming that surface chemistry governs filler dispersion in a polymer solution, XPS and averaged AFM adhesion forces provide a tool for understanding surfacechemical filler-matrix interaction. MFC is an exception regarding the correlation shown in Fig. 9 , as it shows better reinforcement than some other variants despite exhibiting highest polarity based on C/O ratio. Apparently the high reinforcement potential of MFC, which is pure, highly fibrillated cellulose, still provides some strength improvement despite obviously inferior dispersion in PLA. In summary, surface-chemical compatibility of fibrillated lignocellulosic filler with PLA was improved by the presence of residual cell-wall polymers in certain variants. This lead to improved dispersion in cast PLA films and improved tensile performance. MFLC may thus be a viable option for producing certain natural fibre reinforced polymers with reasonable mechanical performance without performing chemical surface modification. While residual cell wall polymers do not provide MFC with hydrophobisation similar to much more efficient 
Conclusion
The results presented above contribute to a better understanding of the role of cell-wall polymers in providing surface-chemical compatibility with nonpolar polymers. In particular, it was shown that partially de-lignified material may show distinctly reduced surface polarity. Notably, the reduction in surface polarity does not necessarily correlate with bulk chemical composition. Furthermore it was shown that reduced surface polarity leads to improved dispersion of fibrillated material in a nonpolar, which in turn benefits the mechanical performance of a composite material. With the exception of MFC, which stands out by high degree of fibrillation compared to all other variants studied, AFM adhesion forces measured on filler surfaces showed good correlation with strength values of composites reinforced with the respective fillers. AFM adhesion forces may thus be a useful tool for characterising fillermatrix interactions in lignocellulose-reinforced polymers. 
